ABSTRACT Obtaining reliable gene expression data using real-time quantitative polymerase chain reaction (qPCR) is highly dependent on the choice of normalization method. We tested the expression stability of multiple candidate genes in the salivary glands (SG) and synganglia (SYN) of female Ixodes scapularis (Say) ticks in multiple blood-feeding phases. We found that the amount of total RNA in both the SG and SYN increases dramatically during tick feeding, with 34ϫ and 5.8ϫ increases from 62 and 7.1 ng of unfed tick, respectively. We tested candidate genes that were predicted from I. scapularis genome data to encode glyceraldehyde 3-phosphate dehydrogenase (gapdh), ribosomal protein L13A (l13a), TATA box-binding protein (tbp), ribosomal protein S4 (rps4), glucose 6-phosphate dehydrogenase (gpdh), and beta-glucuronidase (gusb). The geNorm and NormFinder algorithms were used to analyze data from different feeding phases (i.e., daily samples from unfed to fully engorged females over a 7-d period in three replicate experiments). We found that the rps4 and l13a genes showed highly stable expression patterns over the feeding duration in both the SG and SYN. Furthermore, the highly expressed rps4 gene makes it useful as a normalization factor when we perform studies using minute amounts of dissected tissue for qPCR. We conclude that rps4 and l13a, whether individually or as a pair, serve as suitable internal reference genes for qRT-PCR studies in the SG and SYN of I. scapularis.
Real-time quantitative polymerase chain reaction (qPCR) is one of the most precise and sensitive highthroughput technologies for gene expression analysis. Obtaining accurate qPCR results requires normalization of the data for the gene of interest to speciÞc reference genes to compensate for such variables as the amount of starting material, the ampliÞcation efÞciency, and other differences among the samples (Livak and Schmittgen, 2001 , Pfafß 2001 , Bustin 2002 . Ideal internal reference genes for normalization should show stable expression levels in spatiotemporal samplings of the biological material that are independent of experimental conditions (Thellin et al. 1999 , Lee et al. 2002 . Some commonly used reference genes in many organisms include glyceraldehyde-3-phosphate dehydrogenase (gapdh), beta-glucuronidase (gusb), TATA-box binding protein (tbp), ribosomal proteins, and ␤-actin (de Jonge et al. 2007 , Valente et al. 2009 ), whereas the use of multiple reference genes is also suggested for enhanced accuracy (Vandesompele et al. 2002) . Theoretically, the simultaneous use of a large number of reference genes would be the most proper approach to normalization. However, to simplify the experimental procedure when resources are limited, use of only a few genes (or even a single reference gene) has been the most frequent approach used in many studies.
Studies of the blacklegged tick Ixodes scapularis (Say), an obligate hematophagous ectoparasite that transmits tick-borne diseases such as Lyme borreliosis (CDC 2011) , were recently expanded to include the use of various molecular tools after the genome sequence became available in VectorBase (Megy et al. 2012) . These include studies that analyze the target gene(s) spatiotemporal expression patterns and that use RNA interference for the suppression of target gene expression; such methodologies require techniques for accurate quantiÞcation of target mRNA for the validation of experimental results.
In this study, the transcripts of six commonly used reference genes glyceraldehyde-3-phosphate dehydrogenase (gapdh), ribosomal protein L13A (l13a), TATA box-binding protein (tbp), ribosomal protein S4 (rps4), glucose-6-phosphate dehydrogenase (gpdh), and beta-glucuronidase (gusb) were tested to identify the most suitable reference genes. We speciÞcally focused on the blood feeding phases of female ticks, and samples were collected daily after the onset of blood feeding. To obtain tissue-speciÞc expression data, we tested gene expressions in the salivary glands (SG) and synganglia (SYN). This study provides the most appropriate reference genes for future gene expression studies in I. scapularis.
Materials and Methods
Ticks and Tick Feeding. Adult I. scapularis ticks were obtained from a tick rearing facility at Oklahoma State University. Ticks were fed on rabbits in rubber capsules (Ϸ5 ϫ 5 cm) glued onto the shaved backs of the animals using nonirritant Latex glue covered with a Þne mesh net. Upon initiation of feeding, ticks were collected every day until full engorgement. Thus, the samples consisted of unfed ticks (D0), ticks feeding from 1 to 6 d (D1ÐD6) and fully engorged (FE) ticks at the D7. Three replications of this experiment were performed using different rabbits. This protocol was approved by the Kansas State University Institutional Animal Care and Use Committee (IACUC). All procedures were as described in the IACUC-approved protocol to minimize suffering.
RNA Isolation and cDNA Synthesis. SG and SYN were dissected and pooled from four to nine females per feeding stage in each biological replication in ice-cold phosphate-buffered saline. Samples were kept on dry ice immediately after dissection and then stored at Ϫ80ЊC until the RNA was extracted. Total RNA from the tissues was isolated using the RNeasy Plus Micro kit (Qiagen, Valencia, CA), which included on-column DNase treatment. The RNA concentrations and purities were determined with a NanoDrop 2000 spectrophotometer (ThermoscientiÞc, Wilmington, DE). All the samples routinely reached the A260/280 ratio in between 1.8 and 2.2. Total RNA, 340 ng from SG and 40 Ð 60 ng from SYN, was used to synthesize Þrst-strand cDNA using the SuperScript III system (Invitrogen, Life sciences, Grand Island, NY) and an oligo-dT-based reverse transcriptase protocol.
Real-Time qPCR and Data Analysis. A SYBR Greenbased qPCR assay was performed for six commonly used reference genes: gapdh, l13a, tbp, rps4, gpdh, and gusb (Table 1) . Primers were designed using Oligo Explorer (Gene Link, Hawthorne, NY) and Beacon Designer (Premier Biosoft, Palo Alto, CA) ( Table 1) . To determine ampliÞcation efÞciencies of the tested reference genes, standard calibration curves were constructed using 10-fold dilution series of the cDNA obtained from carcasses of partially fed tick. The 20-l qPCR reactions in opaque plates (Bio-Rad, Herculese, CA) contained 1ϫ SYBR Premix Ex Taq (Takara Bio Inc., Otsu, Japan), 1ϫ ROX reference dye, 250 nM of each primer, and 1 l of diluted cDNA (3.2 and 0.6 ng of SG and SYN total RNA equivalent, respectively). The qPCR reactions were carried out on an iCycler IQ thermal cycler (Bio-Rad) in duplicate wells. The cycling protocol comprised a 2-min polymerase activation step at 95ЊC followed by 40 cycles at 95ЊC for 15 s, 55ЊC for 30 s, and 72ЊC for 30 s. The annealing temperature 55ЊC was found to be the optimal for multiple genes in the optimization processes using a gradient thermocycler. Each assay included melting curve analysis from 55 to 95ЊC to ensure the absence of primer-dimer formation and amplicon speciÞcity. In addition, the speciÞcities of the PCR products were conÞrmed by determining the amplicon sizes using agarose gel electrophoresis.
The ampliÞcation efÞciency for each tested gene was calculated based on calibration curves using iQ5 software (Bio-Rad). Raw C q (quantiÞcation cycle, also referred to as C t , threshold cycle) were obtained by assuming the same threshold ßuorescent values for all genes, converted by the speciÞc ampliÞcation efÞciencies for each gene, and analysis using the geNorm (Vandesompele et al. 2002) and NormFinder (Andersen et al. 2004 ) algorithms included in the GenEx qPCR analysis software (Exiqon Inc., Woburn, MA). In geNorm, an expression stability value M for every tested gene in each tick tissue was assessed for three biological replications and averaged. Analysis using NormFinder produced both intergroup and intragroup expression variation values. Initial analyses were performed to obtain the temporal variations of each gene within each tissue. Then, we tested the variations between the tissues SG and SYN.
Results and Discussion
We measured the total RNA content for each tissue over the course of the feeding period. In unfed female ticks, the amounts of total RNA isolated from SG and SYN were 62 and 7.1 ng per tick, respectively (Fig. 1 ).
After the onset of feeding, total RNA in the D1 sample increased by 4.3ϫ in the SG and 3.2ϫ in the SYN. In the SG, an apparent pattern of increasing RNA levels from D1 through repletion, when the total RNA reached 2.1 g or 34ϫ of the unfed value, was observed, except for a small decrease in the D6 samples. The SG gradually increases its size in the diameter of each acinus from Ϸ40 m in unfed acini to Ϸ150 m in fully engorged in acini types II and III (L. Simo et al. unpublished data; Kemp et al. 1982 ) during feeding and slightly decreases at repletion. The changes in the levels of RNA are correlated with the SG size and the gland activities for synthesis and secretion of bioactive salivary components, such as collagen-like peptides, Kunitz domain-containing peptides, and metalloproteases, which are produced mainly in the early feeding phase (Ribeiro et al. 2006 , Chmelar et al. 2008 ). In the SYN, a gradual increase in the levels of RNA was found until D4 (41 ng or 5.8ϫ of the unfed value), followed by a gradual decrease until full engorgement, while the SYN size does not change over the course of feeding (L. Simo et al., unpublished data). We consider D5 and D6 to comprise the rapid engorgement phase, during which time a major uptake of blood and an increase in body size occur before the repletion of female I. scapularis. The rapid engorgement associated with large changes in the physiology of the tick may require the increased transcriptional activities of SYN. Overall, the patterns of the changes in RNA quantity in both the SG and the SYN tissues are likely explained in part by the activities of the SG and the SYN during the rapid engorgement phase. The high magnitude of the increases in RNA levels (up to 34ϫ and 5.8ϫ of total RNA in the SG and the SYN tissues, respectively) as measured using a NanoDrop is surprising, although validation of this result by using other independent RNA quantiÞcation methods and further investigation are required for a better understanding of the observed changes.
The ampliÞcation efÞciencies of the six genes, assuming the same threshold, were in the range of 95Ð 118%, except for l13a, which showed an ampliÞcation efÞciency of 62% (Table 1 ). The ampliÞcation efÞ-ciencies obtained for each gene were used in subsequent calculations to identify the expression stabilities using geNorm and NormFinder. In general, C q values were high because low amounts of cDNA (equivalent to 3.2 and 0.6 ng total RNA of the SG and SYN tissues per PCR reaction, respectively) were used in these experiments. The C q values for each gene suggested that rps4 was the most highly expressed gene, followed by gpdh, while the expression of gusb was very low or undetectable in our experimental conditions (Fig. 2) . The data for gusb were excluded from expression stability tests because the high C q values (almost reaching the maximum 40 cycles) with large variations could otherwise distort the results.
The gene expression stability values in each SG and SYN sample across the temporal scale, eight daily samples from unfed to fully engorged, were calculated for each biological replication, and the stability values were averaged (Tables 2 and 3 ). The expression stability value (M) obtained from geNorm analysis ranked rps4 and l13a as the most stable gene pair, in both the SG and SYN samples (Table 2) . Expression levels of the gene pair rps4/l13a were consistently stable across the three biological replications. NormFinder analysis also demonstrated the stable expression of both rps4 and l13a (Table 3 ). The average intragroup variation, variation of a gene over time, across three biological replications in SG was the lowest for l13a (0.2), followed by rps4 (0.23), with a relatively small difference between the two. The lowest intragroup variation in the SYN sample was observed for rps4 (0.05). Summing up the results of two different analyses, we Þnd that the rps4/l13a pair, or rps4 alone, has the most stable expression, suggesting that these genes are appropriate internal normalization factors for feeding-related temporal comparisons in the SYN and the SG.
Because we found that the changes in expression levels of the candidate genes over the feeding period did not show a speciÞc pattern, such as decreasing or increasing over time (Fig. 2) , we tested whether the candidate genes could also be applicable for tissuespeciÞc expression studies, speciÞcally in comparisons between the SG and SYN (Fig. 3) . In NormFinder, we Þnd the smallest intertissue variation in l13a (Fig. 3) . Intratissue variation was smallest in rps4, followed by l13a, supporting the assertion that the rps4/l13a pair (or either of the genes individually) could be used as a normalization factor in gene expression comparisons between the SG and the SYN, as well as in feedingrelated temporal changes in the SG and the SYN. We Þnd that the high expression of rps4, in particular, makes it useful as a normalization factor when we perform studies using minute amounts of dissected tissue for qPCR.
Ribosomal proteins, such as l13a and rps4, are considered as housekeeping genes which are constitutively expressed at a high level to maintain cellular function. Many of the genes encoding ribosomal proteins may be co-expressed in the same tissues, where a high demand for ribosomes for protein syntheses and cell divisions are expected (Thorrez et al. 2008 ). Indeed, genes encoding ribosomal proteins have been reported as useful and reliable internal controls in various gene expression studies ranging from insects (Mamidala et al. 2011 , Scharlaken et al. 2008 ) to ticks (Nijhof et al. 2009 ), and to mammals (Mehta et al. 2010) , although care must be taken when selecting the candidate ribosomal protein genes because of the likely tissue-speciÞc differences in expression (Thorrez et al. 2008 ). In conclusion, we recommend rps4 and l13a, either individually or as a pair, as suitable internal reference genes for qPCR studies in the SG and the SYN during blood feeding in female I. scapularis. The values are for intergroup variation/intragroup variation (intergroup variation, variation of the gene among the replications; intragroup variation, variation of the genes over the feeding duration within a replication). Fig. 3 . Expression variations between SG and SYN obtained using NormFinder software over the blood-feeding duration. The data are the average of three biological replications. The circles are for intergroup variation and error bars are for intragroup variation (intergroup variation, variation of the genes between the tissues; intragroup variation, variation of the genes over the feeding duration of each tissue).
